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ABSTRACT

The solar photo-Fenton process, which is one of the advanced oxidation processes, offers a
promising technology for minimization of excess sludge. This study assessed the effect of
solar photo-Fenton treatment of waste activated sludge (WAS). The operating parameters,
viz. pH, ferrous iron concentration and hydrogen per oxide were optimized as 3, 40 mg/L
and 4 g/L. SCOD and TCOD were 380 mg/L and 1,700 mg/L at 4-h contact time. The
effects of the three critical factors, viz. pH, ferrous iron concentration and hydrogen perox-
ide for pretreatment of WAS were simulated and evaluated using response surface
methodology. This methodology has shown to be a valuable tool to model complex process
such as the light-enhanced photo-Fenton reaction and to achieve optimum experimental
parameters at minimal cost. Solar photo-Fenton process achieved 4.62% COD solubilization
at 4-h contact time.

Keywords: Waste activated sludge; Solar photo-Fenton process; Soluble chemical oxygen
demand; Mixed liquor suspended solids; Response surface methodology;
Advanced oxidation process

1. Introduction

Sludge produced from biological wastewater
treatment processes has noticeably increased in cur-
rent decades owing to the quantitative and qualitative
extension of wastewater treatment [1]. Excess sludge
contains a lot of materials such as pathogens, parasite
eggs and unstable organics. The discharge of
untreated excess sludge would bring a heavy

environmental burden. Therefore, it is critical to
develop an effectual disposal technique to reduce
excess sludge [2]. Even though a lot of treatment
methods are available with their own advantages and
disadvantages such as hydrodynamic disintegration
[3] using acids or alkali [4]. Biological [5–7] advanced
oxidation process (AOP) is the most promising and
effective technology. Among the various methods on
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the basis of lysis cryptic growth of sludge, advanced
oxidation for reducing sludge production has been
successfully applied in practice.

AOP is a chemical oxidation process with hydroxyl
radicals, which are very reactive, and short-lived oxi-
dants. Hydroxyl radicals may be produced in systems
using: ultraviolet (UV) radiation/hydrogen peroxide
(H2O2), ozone/hydrogen peroxide, UV radiation/
ozone, Fenton’s reagent (ferrous iron-Fe2+ and hydro-
gen peroxide), titanium dioxide/UV radiation and
through other means. Production of UV radiation by
lamps is expensive. Therefore, investigation is focus-
ing increasingly on the AOPs, which can be powered
by solar radiation, i.e. light with a wavelength greater
than 300 nm, which are homogeneous catalysis by the
photo-Fenton reaction. Therefore, the present work
focusses on photo-Fenton process.

The photo-Fenton reaction is one of the AOPs
which has been used to improve the dewatering of
sludge. The application of the photo-Fenton reaction
to minimize the excess activated sludge is based on
the idea that part of activated sludge is mineralized to
carbon dioxide and water while part of sludge is sol-
ubilized to organics. When applying Fenton processes
for sludge disintegration, mineralization and solubi-
lization occur [8]. Solar photo-Fenton process has been
studied in order to increase the rate of the process
and also improve degradation of solid wastes.

It can be expected that the photo-Fenton reaction
destructs bacterial cell membranes, discharges bio-
mass particulates and transform them into soluble
components such as proteins, lipids and polysaccha-
rides [9]. The foremost objectives of this study are
(1) to disrupt the microbial biomass with solar
photo-Fenton process, (2) to increase the sludge
reduction and solubilization, (3) to study the kinetics
of sludge treatment system, (4) to design solar
photo-Fenton pilot scale processes for sludge treat-
ment system and (5) to estimate cost analysis for
solar photo-Fenton processes for the treatment of
sludge.

2. Materials and methods

2.1. Collection of sample

The waste activated sludge (WAS) was collected
from secondary clarifier of a municipal wastewater
treatment plant in Trivandrum, Kerala. The sludge
was concentrated by settling and stored at 4˚C for
24 h. From the diluted sludge, the initial characteris-
tics have been characterized before and after treatment
and summarized in Table 1.

2.2. Effect of operating parameters for solar photo-Fenton
treatment process

The effects of operating parameters such as pH,
Fe2+, H2O2 and contact time on COD solubilization
and MLSS reduction were determined, and the vari-
ous operating parameters were analysed and opti-
mized.

2.2.1. Effect of pH

Five hundred milli litres of WAS was taken in four
2-L solar photo-Fenton reactors. The experiments were
conducted by varying the pH in the range of 2–5 and
the reaction was carried out for 0–4 h with the dosage
of Fe2+ 40 mg/L and H2O2 4 g/L. The sample was
taken at every 1 h and analysed for COD solubiliza-
tion and MLSS reduction. After fixing the optimized
pH, other parameters were changed and studied.

2.2.2. Effect of H2O2

Five hundred milli litres of WAS was taken in four
2-L solar photo-Fenton reactors. The experiments were
conducted by varying the dosage of H2O2 in the range
of 2–5 g/L and the reaction was carried out for 0–4 h
with the constant dosage of Fe2+. The sample was
taken at every 1 h and analysed for COD solubilization
and MLSS reduction.

Table 1
Characterization of sludge before and after treatment

S. no. Sludge characteristics Before treatment After treatment

1 TCOD 8,000 ± 510 mg/L 1,600 ± 120 mg/L
2 SCOD 100 ± 5.45 mg/L 395 ± 15 mg/L
3 MLSS 4,500 ± 210 mg/L 895 ± 25 mg/L
4 VSS 3,800 ± 210 mg/L 230 ± 15 mg/L
5 TDS 2,580 ± 120 mg/L 2,670 ± 130 mg/L
6 pH 3 ± 0.5 2.6 ± 0.5
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2.2.3. Effect of Fe2+

Five hundred milli litres of WAS was taken in four
2-L solar photo-Fenton reactors. The experiments were
conducted by varying the dosage of Fe2+ in the range
of 20–50 mg/L and the reaction was carried out for
0–4 h with the constant dosage of H2O2. The sample
was taken at every 1 h and analysed for COD solubi-
lization and MLSS reduction.

2.2.4. Effect of contact time

Five hundred milli litres of WAS was taken in four
2-L solar photo-Fenton reactors. The experiments were
conducted by varying the contact time 0–4 h with the
constant dosage of H2O2 and Fe2+. The sample was
taken at every 1 h and analysed for COD solubiliza-
tion and MLSS reduction.

2.3. Experimental design of solar photo-Fenton for
treatment of WAS by response surface methodology

The study of a process often focuses on the rela-
tionship between the system response and the input
factors. Typical motivations for such a study are the
need for optimization of a process or the intent of
understanding the underlying mechanisms in the sys-
tem. To describe the relation between a system
response and input factors typically, a mathematical
model is formulated. The combination of experimental
design and formulation of a mathematical model to
yield a quantitative description of the response over a
whole experimental region in a system with n continu-
ous input factors is called response surface methodol-
ogy (RSM), because the system response can be
described by a continuous surface in the n dimen-
sional factor space [10]. Usually, the input factors are
scaled in such a way that the minimum value of the
respective factor of the investigated region is −1 and
the maximum value is +1. A class of three levels of
complete Box–Behnken design for the estimation of
parameters in a second-order mode was developed by
Box–Behnken. Basically, the optimization process
involves three major steps, which include performing
the statistically designed experiments, estimating the
coefficients in a mathematical model and predicting
the response and checking the adequacy of the model.
The effect of several factors influencing the COD sol-
ubilization, such as pH value of the sludge and Fe2+

concentration were chosen as the critical variables and
designated as A, B and C, respectively. The three sig-
nificant independent variables A, B, C and the
mathematical relationship of the response Y on these

variables can be approximated by a second-degree
polynomial equation (Eq. (1)) [11].

Y ¼ b0þ b1Aþ b2Bþ b3Cþ b12ABþ b13ACþ b23BC
þ b11A2 þ b22B2 þ b33C2

(1)

The regression equation obtained after analysis of
variance (ANOVA) gives the level of COD solubiliza-
tion as a function of different concentration of Fe2+,
pH and H2O2. Regression mode containing three lin-
ear (A, B and C), three quadratic (A2, B2 and C2) and
three interaction terms plus one block term was
employed using the design expert. The design was
performed because relatively few experimental com-
binations of the variables were needed to estimate
potentially complex response functions. A total of 17
experiments were necessary to estimate the 10 coeffi-
cients of the model using multiple linear regression
analysis. Eq. (1) was solved using the design expert
(Stat-Ease Inc. version 7) to estimate the response of
the independent variables. The maximum predictable
response for COD solubilization was also obtained.

2.4. Treatability studies

Treatability studies on solar photo-Fenton was
studied in a 2-L reactor of length 25 cm, width 15 cm
and depth 5 cm containing 500 mL of WAS under
optimum conditions at pH 3, Fe2+ dosage of 40 mg/L,
H2O2 dosage of 4 g/L and time 4 h for high solubiliza-
tion of COD and reduction of MLSS.

The extent of MLSS reduction during the experi-
ment was calculated by the equation mentioned
below:

MLSS reduction ð%Þ ¼ ½ðInitial� FinalÞ=Initial� � 100

(2)

The efficiency of the sludge pretreatment was mea-
sured in terms of the COD solubilization effectiveness
and was calculated by the following (Eq. (3)):

a ¼ ðSCODp � SCODiÞ
ðTCODi � SCODiÞ (3)

where α = solubilization efficiency (%), SCODp = SCOD
concentration of the sludge after disintegration
(mg/L), SCODi = SCOD concentration of the sludge
before disintegration (mg/L), and TCODi = TCOD con-
centration of the sludge before disintegration (mg/L).
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2.5. Design of pilot-plant system and treatment cost
estimation

The design of solar photo-Fenton system was done
for treating 1.25 × 10−3 m3/min containing inlet sludge
concentration of 4,500 mg/L. Design was done based
on the reactor configuration, rate constant, i.e. kinetics
of the process, desired destruction level or destruction
and removal efficiency. Total cost of the treatment
plant was calculated by including capital cost and
operating cost. The capital cost includes cost of reac-
tor, storage and settling tanks, piping, fittings, pumps,
blowers, controls, installation, auxiliary and capital
contingency. The operational and maintenance cost
includes catalyst, oxidant and maintenance.

2.6. Analytical parameters

Analytical parameters such as MLSS, SCOD and
TCOD were measured according to the standard
methods [12]. pH was measured using a digital pH
metre.

3. Results and discussion

3.1. Effect of operating parameters for solar photo-Fenton
treatment process

The effectiveness of operational parameters such as
pH, H2O2 dosage, ferrous sulphate dosage and contact
time for solar photo-Fenton reaction was appraised
based on SCOD release and MLSS reduction. In fact,
under acidic conditions, Fe2+/H2O2 mixture produces
OH radicals. The Fenton reaction produces the hydro-
xyl radical in acidic solutions by iron catalysed
decomposition of H2O2. These radicals have an oxidiz-
ing potential and are capable of oxidizing a wide
range of organics [13–15].

3.1.1. Effect of pH on SCOD release and MLSS
reduction for solar photo-Fenton process

The sludge pH is one of the most imperative func-
tioning parameters, which is directly affecting the
oxidation capability of the Fenton process. The effect
of pH on SCOD release and MLSS reduction during
solar photo-Fenton reaction is depicted in Fig. 1(a)
and (b). The experiments were performed in the pH of
2, 3, 4 and 5 by maintaining other process parameters
constant.

The pH of the solution controls the production rate
of OH radical and the concentration of Fe2+. From the
Fig. 1(a), it was observed that the SCOD release was
more up to pH 3. At pH 3, the SCOD release was
found to be 370 mg/L. After that, there was a decline

in SCOD release. Photo-Fenton reactions make use of
the reactivity of the hydroxyl radical produced in
acidic solution. This decrement was due to two main
bases: for pH 4 and 5, iron precipitates as Fe(OH)3
and dissolved iron concentration is fairly low. As a
result, its potential ability to catalyse H2O2 was low-
ered. This indicates that organic compounds might be
destructed in homogeneous aqueous phase above the
pH 3. This outcome is consistent with the results of
Sahinkaya et al. [16].

The pH has a significant role in determining the
competency of Fenton and photo-Fenton oxidation.
Therefore, the specified initial pH of the WAS was
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Effect of pH on SCOD release and (b) effect of pH on
MLSS reduction.
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adjusted to 3 which is the optimal value for the
photo-Fenton reaction using sulphuric acid [17]. Simi-
lar to SCOD release, the MLSS reduction was more in
pH 3. At initial, the MLSS was found to be 4,300 mg/L.

After adjusting the pH of the sludge to 3, the
MLSS was reduced to 1,400 mg/L, respectively, which
is clearly represented in Fig. 1(b). After that, there was
no significant increase in MLSS reduction. Acidifica-
tion caused iron hydroxides, phosphates and other
water retentive salts to dissolve. As a result, a large
part of the organic matter is also dissolved during the
acidification. Therefore, based on SCOD release and
MLSS reduction, the optimum pH for photo-Fenton
reaction was found to be 3.

3.1.2. Effect of H2O2 dosage on SCOD release and
MLSS reduction for solar photo-Fenton process

Fig. 2(a) and (b) depicts the effects of H2O2 concen-
tration on sludge solubilization and reduction at dif-
ferent H2O2 concentrations (2–4 g/L). The increase in
H2O2 concentration up to 4 g/L was found to enhance
the sludge disintegration rate. At 4 g/L dosage of
H2O2, the SCOD release was found to be 300 mg/L.
The initial MLSS was found to be 4,300 mg/L. At
4 g/L dosage of H2O2, the MLSS concentration
reduced to 1,400 mg/L. Further increasing the H2O2

dosage, no significant increase in SCOD release and
MLSS reduction was observed. At high H2O2 concen-
tration, there is a competition between the organic
substances and H2O2. At high concentrations, hydro-
gen peroxide itself may act as a free-radical scavenger
in secondary reactions, causing a decrease in the
hydroxyl radical concentration [18]. This might be the
reason for decreased SCOD release and MLSS at H2O2

dosage 5 g/L. Hydrogen peroxide was consumed at a
fast rate initially, and subsequently, the rate of H2O2

consumption was somewhat decreased.

3.1.3. Effect of Fe2+ dosage on SCOD release and
MLSS reduction for solar photo-Fenton process

The effect of Fe2+ dosage on the solubilization and
degradation of sludge is illustrated in Fig. 3(a) and
(b). The MLSS reduction and SCOD release was
increased with increasing Fe2+ dosage up to 40 mg/L.
At 40 mg/L dosage of ferrous sulphate, the SCOD
release and MLSS concentration were found to be
378 mg/L and 1,440 mg/L, respectively. Beyond that
dosage, no noteworthy differences have been observed
in SCOD release and MLSS reduction. Therefore,
40 mg/L of ferrous sulphate was considered to be
optimum dosage for the subsequent process.

The increase in MLSS reduction and SCOD release up
to 40 mg/L dosage of Fe2+ is due to the generation of
hydroxyl radicals. Similarly, the SCOD release was
more up to 40 mg/L dosage of ferrous sulphate.

3.1.4. Effect of contact time on SCOD release and
MLSS reduction for solar photo-Fenton process

Similar to pH, H2O2 dosage, Fe2+ dosage, contact
time also plays a major role in Fenton process. Fig. 4
depicts the variation of SCOD and MLSS with respect
to contact time in photo-Fenton reaction with the ini-
tial sludge concentration of 4,300 mg/L, the Fe2+ con-
centration of 40 mg/L, the initial H2O2 concentration
of 4 g/L, initial solution pH of 3 and in the presence
of solar light. From the figure, it was observed that
that the chemical oxidation by photo-Fenton reaction
could be roughly divided into two phases (Phases
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1 and 2). From Fig. 4, it was observed that in Phase 1,
the concentration of SCOD increases with increment

in contact time up to 7 h. At 7 h, the concentration of
SCOD was found to be 530 mg/L.

As a result of this combined treatment, organic sub-
stances were leached into the supernatant and as a
result there is increment in soluble COD [19,20] up to
7 h. After that, the concentration of soluble COD was
decreased (Phase 2). In Phase 1, the soluble COD was
increased. On the other hand, in Phase 2, there is a net
competition between initial release rate and final miner-
alization rate. As a result, the initial release rate was
exceeded by the final mineralization rate which might
be the reason for decrement of soluble COD after 7 h.
This change in dissolved COD is similar to the results
of Egemen et al. [20]; Vlyssides [21]; Déléris et al. [22].

Analogous to SCOD release, the concentration of
MLSS was also reduced up to 7 h. From the figure, it
was noted that the MLSS was found to be decreased
from 4,500 to 895 mg/L after 9 h of photo-Fenton reac-
tion with the initial H2O2 concentration of 4 g/L. Up
to 7 h, the decrement in MLSS was rapid. After 7 h,
only negligible concentration of MLSS was reduced.
The rapid reduction of MLSS was ceased within 7 h.
First, the decrease in MLSS occurred rather signifi-
cantly and then sluggishly. Ferrous ion catalyses H2O2

to form OH radical quickly in the first stage of reaction
itself (up to 7 h). This might be the reason for rapid
release of SCOD and reduction of MLSS up to 7 h.

3.2. Optimization of solar photo-Fenton process for the
treatment of WAS by RSM

RSM is a sequential procedure with an initial objec-
tive to lead the experiments rapidly and efficiently
along a path of improvement towards the general vicin-
ity of the optimum. The parameters investigated were
pH, H2O2 dosage and Fe2+ dosage. All parameters were
taken at a central coded value considered as zero and
studied at three different levels (−1, 0, +1). In this case,
a three level Box–Behnken design resulting in a total
number of 17 experiments was employed to fit the sec-
ond-order polynomial model. The statistical combina-
tions of the critical parameters along with the
maximum observed and predicted COD solubilization
efficiency are listed in Table 2.

The predicated COD solubilization values are very
close to the observed ones in all set of experiments.
The highest efficiency of 4.62% and the lowest effi-
ciency of 2.7% were observed. Table 3 shows the
results of the quadratic response surface model fitting
in the form of ANOVA.

ANOVA is required to test the significance and
adequacy of the model. The mean squares are
obtained by dividing the sum of squares of each of
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the two sources of variation, the model and the error
variance, by the respective degrees of freedom. The
Fisher variation ratio, the F-value (¼ S2r =S

2
e), which is a

statistically valid measure of how well the factors
describe the variation in the data about its mean can
be calculated from ANOVA by dividing the mean
square due to model variation by that due to error
variance. The greater the F-value is from unity, the
more certain it is that the factors explain adequately
the variation in the data about its mean, and the esti-
mated factor effects are real. The ANOVA of
the quadratic regression model demonstrates that the
model is highly significant, as is evident from the
Fisher F-test (Fmodel = 15.36) and a very low probabil-
ity value (Pmodel > F = 0.0500). The probability p-value
is relatively low, indicating the significance of the
model. Moreover, the computed F-value is much
greater than the tabular F-value at 1% level, indicating
that the treatment differences are highly significant.
This fit of the model was further checked by the
coefficient of determination R2. The R2-values provide

a measure of how much variability in the observed
response values can be explained by the experimental
factors and their interactions. The R2-value is always
between 0 and 1. If the R2 values lies in between 0.75
and 0.99, the fitted regression equation is considered
good fit of the model. When expressed as percentage,
R2 is interpreted as the per cent variability in the
response explained by the statistical model.

In this study, the value of the determination coeffi-
cient (R2 = 0.9518), indicating that 95.18% of the vari-
ability in the response could be explained by the
model. As well, the adjusted determination coefficient
(adjusted R2 = 0.8898) is also very high to advocate for
a high significance of the model. These ensured a
satisfactory adjustment of the polynomial model to the
experimental data. The adjusted R2 corrects the R2-
value for the sample size and the number of the terms
in the model. If there are many terms in the model
and the sample size is not large, the adjusted R2 may
be noticeably smaller than the R2. Here, the adjusted
R2 was smaller than the R2 value [23].

Table 2
Box–Behnken design matrix for three test variables in coded and natural units along with the observed responses

Experiment
no. A B C pH

Amount of
Fe (mg/L)

H2O2

(g/L)
COD solubilization
(%) Observed

COD solubilization
(%) Predicted

1 −1 −1 0 3 40 4 4.62 3.79
2 +1 −1 0 3 40 4 4.62 4.62
3 −1 +1 0 3 45 4.5 4.25 3.82
4 +1 +1 0 3 45 3.5 4.01 3.33
5 −1 0 −1 2 35 4 3.50 3.81
6 +1 0 −1 3 35 3.5 3.70 2.87
7 −1 0 +1 4 40 4.5 3.14 3.19
8 +1 0 +1 4 45 4 3.3 3.40
9 0 −1 −1 2 40 4.5 3.5 4.13
10 0 +1 −1 3 35 4.5 3.6 3.23
11 0 −1 +1 2 40 3.5 3.5 3.32
12 0 +1 +1 4 35 4 3 3.47
13 0 0 0 3 40 4 4.62 2.71
14 0 0 0 3 40 4 4.62 4.05
15 0 0 0 3 40 4 4.62 3.72
16 0 0 0 4 40 3.5 2.7 3.96
17 0 0 0 2 45 4 2.9 4.24

Table 3
ANOVA for solar photo-Fenton treatment process using RSM

Source of variations Sum of squares Degree of freedom Mean square F-value Probability p (>F)

Model 6.91 9 0.77 15.36 0.0008
Residual 0.35 7 0.050
Lack of fit 0.35 3 0.12
Error 0.00 4 0.000
Corrected total 7.26 16
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The application of RSM offers on the basis of
parameter estimate, an empirical relationship between
the COD solubilization efficiency and the test variables
under consideration. The response variable and the
test variables are related by the following quadratic
expression (Eq. (4)).

Y ¼ 4:62þ 0:082Aþ 0:072B� 0:16Cþ 0:085AB

þ 0:23ACþ 0:11BC� 0:38A2 � 0:38B2 � 1:06C2 (4)

where Y is the response, which is the COD solubiliza-
tion efficiency expressed in % and A, B and C are the
coded values of Fe, H2O2 and pH, respectively. The
p-values were used as a tool to check the significance
of each of the coefficients, which in turn are necessary
to understand the pattern of the mutual interaction
between the test variables. The larger the magnitude
of the t-value and smaller the p-value, the more sig-
nificant is the corresponding coefficient. The parame-
ter estimate and the corresponding p-values suggest
that among the test variables, initial pH produces the
largest effect on COD solubilization efficiency.

Response surface plots provide a method to pre-
dict the COD solubilization efficiency for different val-
ues of the tested variables and the contours of the
plots help in identification of the type of interactions
between these variables. Each contour curve repre-
sents an infinite number of combinations of two tested

variables with the other two maintained at their
respective zero level.

A circular contour of response surface indicates that
the interaction between the corresponding variables is
negligible. In contrast, an elliptical or saddle nature of
the contour plots indicates that the interaction between
the corresponding variables is significant. The response
surface contour plots for the effect of each pair of
variables are shown in Figs. 5a, 5b and 5c. Each contour
curve represents an infinite number if combinations of
two test variables with the other two maintained at
their respective zero level.

The normal probability plot of the studentized
residuals indicates that none of the individual residual
exceeded the residual variance (twice the square root
of the residual variance) and that an excellent ade-
quacy of the regression model was utilized. It further
proves that the experimental values are in good agree-
ment with the predicted values. Table 4 shows the
maximal efficiency of COD solubilization, by the criti-
cal value of each parameter, which was predicted
from the data analysis with the statistical technique.

After verifying by further experiment test with the
predicated values, the results indicated that the maxi-
mum COD solubilization efficiency was obtained
when the values of each parameter were set as the
critical values, which is in good agreement with the
value predicted from the regression model.

Fig. 5a. Response surface optimization of COD solubilization vs. Fe and H2O2.
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3.3. Effect of solar photo-Fenton process

In order to compare the efficiency of various pro-
cesses and to study the effect of solar irradiation and
Fenton process, five sets of experiments were
conducted, viz. only H2O2 (without Fe2+), only Fe2+

(without H2O2), only UV irradiation (solar) and (solar
photo-Fenton). The results of the experimental studies
were depicted in Fig. 6. In the presence of solar light
without Fenton’s reagent (Fe2+ and H2O2 dosage), only
slight increment in COD solubilization (1.5%) was

Fig. 5b. Response surface optimization of COD solubilization vs. Fe and pH.

Fig. 5c. Response surface optimization of COD solubilization vs. H2O2 and pH.
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obtained. The COD solubilization was found to be
3.5% with Fe2+ dosage alone. In solar photo-Fenton
process, COD solubilization was found to be 4.7%.
With H2O2 dosage, the COD solubilization was found
to be 2.1%, whereas in Fenton process, the COD sol-
ubilization was found to be 3.9%. By the addition of
H2O2, only slight increment in COD solubilization was
observed. Since the H2O2 concentration was directly
related to the number of OH radicals generated in the
photo-assisted Fenton reaction, the OH radicals were
not generated without H2O2. It is because the hydro-
xyl radicals could not be produced in the Fe2+/solar
system alone, and then, the direct photolysis of the
sludge was very limited. Therefore, further increment
in COD solubilization was due to OH radicals
generated by H2O2 that plays a major role in COD
solubilization.

It is clear from the results presented in Fig. 6 that
simultaneous utilization of solar light irradiation with
Fenton’s reagent increased the decomposition of acti-
vated sludge. A substantial increase in the COD sol-
ubilization (4.7%) was observed in solar photo-Fenton
reaction, and subsequently, the COD solubilization

reached a maximum at 7-h treatment and beyond that
point, the COD solubilization was decreased which is
clearly depicted in Fig. 4.

3.4. Solar photo-Fenton treatment kinetics based on SCOD
release

The treatment of sludge improved by solar photo-
Fenton reaction has been investigated and the effect of
treatment of sludge were reported to play an impor-
tant role in the solubilization of biodegradable organic
matter. In this study, the solar photo-Fenton reaction
was used for the treatment and their role in cell
disintegration was investigated and the kinetic
parameters were evaluated.

During sludge treatment by solar photo-Fenton
reaction in batch test, the changes in soluble COD
with respect to time were observed. The cumulative
effects of these changes were simplified to single first-
order kinetics. The SCOD changes of solar photo-Fen-
ton pretreated sludge were increased up to 6 h.
Clearly, the slope of the curve indicated the changes
of SCOD per unit time. Accordingly, the slope of
points on the curve represented the reaction rate of
corresponding time. Based on these results, the effect
of solar photo-Fenton treatment on SCOD release
within the 7 h could be expressed by first-order
kinetics.

The rate constant for SCOD release of solar photo-
Fenton pretreated sludge was found to be 70.714 h−1.
The R2 value of treatment process was found to be
0.98 which indicates that there is an optimistic
relationship between the model and experimental
design. Hence, the model fitted the experimental facts
adequately.

3.5. Design of pilot plant

A solar photo reactor operated in the batch,
recirculating mode is analysed in terms of very simple
observable variables such as the impinging photon
flux, the incident area, the initial concentration (even
if they have to be expressed as COD values), the flow
rate, the reactor volume and incident radiation fluxes
and a fairly simple experimental determination such
as the observed photonic efficiency. The analysis is
formulated in terms of the photon input correspond-
ing to an equivalent batch system that is derived as a
new reaction coordinate for photoreactions. Employ-
ing several plausible approximations, the pollutant
concentration evolution in the tank is cast in terms of
very simple analytical solutions.

Table 4
The critical values of variables for the optimal COD
solubilization

Parameters Critical values

pH 3
H2O2 (g/L) 4
Fe2+ (mg/L) 40
Predicated solubilization efficiency 4.65
Observed solubilization efficiency 4.62
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Fig. 6. Effects of UV light irradiation and Fenton reagents
on sludge solubilization (initial MLSS = 4,500 mg/L, Fe2+

dosage 40 mg/L and H2O2 dosage 4 g/L).
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In the treatment performance studies, a kinetic
model which accounts the effect of sludge concentration,
sludge volume, light intensity and area of solar irradia-
tion was used to arrive at a lump kinetic parameter (K3)
(Eq. (5)) as suggested by Sagawe et al. [24].

K3 ¼ ln C0=Cð Þ �Q= qUV � A
� �

(5)

where K3 = lump kinetic parameter representing the
efficiency of the photo-Fenton (m3/W min), C0 = inlet
concentration of sludge (mg/L), C = outlet concentra-
tion of sludge (mg/L), Q = volumetric flow rate
(m3/min), qUV = time averaged radiation density flux
(W/m2), A = effect area of solar irradiation (m2),
K3 = ln (4,500/895) × 500/9 (mL/h)/(23 × 0.043), and
K3 = 1.510 × 10−6 (m3/W min).

For, scaling up of the reactor.
(K3)bench-scale reactor = (K3)pilot-scale reactor.
Hence, Apilot-scale reactor = ln (C0/C) ×Qpilot-scale reactor/
(qUV) × (K3)bench-scale reactor,

where K3 = lump kinetic parameter (1.510× 10−6 m3/Wmin),
C0 = inlet concentration of sludge (4,500 mg/L), C = outlet

concentration of sludge (895 mg/L),Q = volumetric flow rate
of pilot plant (1.25×10−3 m3/min), qUV = time averaged
radiation density flux (23 W/m2).

Apilot-scale reactor ðm2Þ ¼ lnð4; 500=895Þ � 1:25

� 10�3 ðm3=min=23� 1:510� 10�6

¼ 58:12 m2

Therefore, the surface area (A) of the pilot plant reac-
tor is 58.12 m2.

3.6. Economic analysis

Cost is always a key topic when innovative
technologies are considered, and standard commercial
procedures indicate that any new technology should
provide significant reductions in processing costs over
competing technologies or significant new technical
contributions for its successful marketing. The cost of
sludge management is around 50% of the total operat-
ing cost of the wastewater treatment plant [25], and the
profitable practicability of a treatment process is

Table 5
Cost estimation (USD) for treatment of WAS with solar photo-Fenton process

S. no. Parameters Values

1 Common input data
Yearly working days 365 d
Availability factor 80%
Average useful hours 9 h
Effective yearly operating hours 2,628 h
UV global radiation (average at operating hours) 23 W/m2

Total collector area 59
Cost of solar photocatalytic reactor civil works 72/m2

2 Cost estimation
(i) Direct cost
Total reactor cost (59 × 72) 4,248
Piping and tanks (8% of reactor cost) 339
Auxiliary equipment and controls (10% of reactor cost) 425
Others (15% of reactor cost) 638
Total direct cost (TDC) 5,650
(ii) Indirect cost
Contingencies (12% of TDC) 678
Spare parts (1% of TDC) 57
Total capital required (TCR) 735
(iii) Annual cost
Capital (13% of TCR) 96
Consumables (FeSO4, H2O2) 2,115
Operation and maintenance (5% of TCR) 37
Total annual cost 2,248
Treatment cost 6.23/m3
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thoroughly related to the enhancement in solubilization
and solids reduction. In the case of solar photo-Fenton
process, its main contribution is the environmental
added value of using solar energy. The pretreatment
techniques, namely thermal, chemical, mechanical and
physical, and several combinations such as mechanical–
chemical and thermal–chemical may be considered the
main competitors of solar photo-Fenton treatment of
WAS. Thermal pretreatment requires a considerable
amount of heat to preheat the sludge, ultrasonication is
no doubt the most powerful method to disrupt cell
walls, but power consumption becomes a serious draw-
back, mechanical techniques do not require chemical or
heat but consume a lot of power. Table 5 shows the esti-
mated treatment cost of a solar photo-Fenton process.
The overall cost of solar photo-Fenton oxidation for the
treatment of 1 m3 of WAS per day was estimated to be
6.23 USD/m3. This cost is lower than for technologies
such as microwave pretreatment (215 USD/m3) [26],
ultrasonic pretreatment (23.91 USD/m3) [27], thermo-
chemical pretreatment (87.6 USD/m3) [28], thermo-
chemical and disperser pretreatment (8.44 USD/m3)
[28] also with the important advantage that solar photo-
Fenton process is a sludge treatment process, while the
others are only pretreatment technologies. Based on
the above-mentioned reports, it can be concluded that
the solar photo-Fenton process was found to be
economically viable from a cost-effective approach.

4. Summary and conclusion

Solar photo-Fenton process is relatively inexpen-
sive method. The process can make use of sunlight
instead of artificial light, which reduces the operating
costs and it is eco-friendly to the environment. This
study assessed the effect of solar photo-Fenton treat-
ment of WAS. Results showed SCOD and TCOD were
380 mg/L and 1,700 mg/L at 4-h contact time. The
effects of the three critical factors, viz. pH, ferrous iron
concentration and hydrogen peroxide for treatment of
WAS were simulated and evaluated using RSM. This
methodology has shown to be a valuable tool to
model complex process such as the light-enhanced
photo-Fenton reaction and to achieve optimum experi-
mental parameters at minimal cost.

Results showed the viability of the Fenton process in
the treatment of sludge. In summary, evidence showed
that solar photo-Fenton process achieved 4.62% COD
solubilization. Results obtained from this research and
the economic cost evaluation indicated that the solar
photo-Fenton treatment could be an appropriate treat-
ment method for enhancing degradability of sludge.
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